The first disparity between the sexes occurs upon fertilization: the sex chromosome complement is asymmetric in mammals, with females bearing two Xs and males bearing one X and one Y. Because of this, evolutionary forces have selected for one of the most fascinating epigenetic events in chromosome biology-the process of X chromosome inactivation (XCI) in females. XCI compensates for the presence of the single male X, thus equalizing the dosage of most X-linked gene products (1) . In fact, failure to inactivate the X chromosome results in female embryonic lethality. The phenomenon of X inactivation is now under the umbrella of the "Epigenetics" field, but it was really the advances in the molecular studies of the XCI and genomic imprinting that helped build awareness of how epigenetic mechanisms contributed to gene regulation-in fact, some would say genomic imprinting and XCI are among the founding members of the Epigenetics field. Years of intense studies in the mouse have revealed that XCI occurs in two rounds (2): After fertilization, inactivation of the paternally inherited X (X p ) occurs, a process designated as imprinted XCI (3) . Subsequently, the X p is reactivated in the inner cell mass of the blastocyst. Later in the epiblast, random inactivation of either the maternal or paternal X occurs (Fig. 1) . All in all, the X chromosome has a very busy life! Imprinted XCI has been less amenable to mechanistic analyses, but several groups have been steadily peeling back the layers of epigenetic information involved in its regulation. Whether the X p is primed for preferential XCI during preimplantation, and, if so, when the imprint is laid down, has been the subject of debate (4) (5) (6) . In PNAS, Sun et al. (7) weigh in on this controversy, providing evidence of a connection between imprinting of the X p and how asynapsis is dealt with during meiosis. XCI, whether imprinted or random, depends on the expression of a 17-kb noncoding RNA, Xist, that emerges from a region designated the X inactivation center (Xic) (8) . Xist coats the entire chromosome and directs the series of epigenetic events that ultimately silence most of its genes. In imprinted XCI, Xist on the X p is activated at the two-cell stage, concurrently with genome-wide gene activation, leading to a series of chromatin modifications that progressively silence most of the X-linked genes. Why is the paternal Xist selected over the maternal Xist for expression at this stage? One explanation might lie in the fact that the life cycle of the X chromosome differs in males and females. During gametogenesis in the males, the imperfect pairing of the X and Y chromosomes in early meiosis leads to a silencing mechanism known as meiotic sex chromosome inactivation (MSCI), distinct from the subsequent XCI and independent of Xist (9-11). One hypothesis posits that the X p bears an epigenetic registry of MSCI and preferential inactivation after fertilization traces back to this event. Another possibility is that the X p is active upon entry to the oocyte and then silenced de novo. Either way, an epigenetic distinction between the maternal and paternal Xs is inherited from the gametes and results in preferential inactivation of the X p . Transgenes harboring the Xic have enhanced our understanding of the molecular mechanisms regulating XCI, because they recapitulate the stepwise epigenetic silencing in cis of the autosomes they reside on. Sun et al. now describe experiments with new BAC transgenes containing 200 kb of the Xic that imprint the autosomes for for Xistdependent cis-repression when transmitted through the male germ line. Importantly, several of their mouse lines have critical features that allow them to address the question of imprinted XCI.
It would be expected that silencing of autosomal genes because of the presence of transgenes with a functional Xic would result in haploinsufficiency phenotypes. Strangely, the transgenic lines reported previously did not exhibit any abnormalities (12) (13) (14) , suggesting that they are incapable of maintaining Xicdependent repression autosomally. In the report from Sun et al., the smaller BAC transgenes confer several phenotypes, including sterility, indicating that they contain all of the necessary sequences to establish and faithfully maintain repression of the neighboring genes. Indeed, in somatic cells, the transgenes expressed Xist and recruited PRC2 and other modifiers typical of repressive chromatin.
High copy numbers of a hemizygous transgene, when interpreted as an asynaptic chromosome in pachytene spermatocytes, unleash a series of events that ultimately impede normal MSCI. The new transgenic lines with low copy numbers and single integration sites described by Sun et al. do not interfere with MSCI, as assayed by the presence of a typical γ-H2AX domain (15), allowing a direct comparison of the transgenic sequences with the XY bodies in early meiosis.
What is unusual is the finding that the chromatin status of the transgenic Xic during pachytene depended on its zygosity. Hemizygous transgenes exhibited compact chromatin, whereas the homozygous transgenic Xic was decondensed. In addition, Xist was more highly expressed from the condensed hemizygous Xic.
Is this observation relevant to imprinted XCI? The authors followed up with studies on one of the transgenic lines that did not affect fertility, i.e., the Xic transgene could be traced throughout gametogenesis and across generations. First, they determined that the transgenic Xist was expressed in blastocysts when inherited from hemizygous carrier fathers but not mothers, indicating that the autosomal Xic required passage through the male gamete to be activated in the progeny. Second, the authors observed that the paternalspecific effect occurred whether the progeny was male or female, as expected for a genuine imprinted phenotype.
Finally, Xist expression was compared between blastocysts from homozygous versus hemizygous fathers. The authors found that Xist was markedly reduced when the transgene was inherited from the homozygous transgenic males. Thus, this Xic transgene recapitulates many features of XCI and, strikingly, highlights that epigenetic events recognizing paired or unpaired chromosome regions during pachytene in the male germ cells may be at the root of imprinted inactivation after fertilization.
Transgenic studies are difficult to compare across studies by their very nature, because
Collectively, the analysis of several transgenic lines in the report by Sun et al. provides novel insights into mechanisms regulating imprinted XCI.
they are confounded by differences in copy number, chromosomal location, and even gene neighborhood. Moving forward, identification of autosomal genes affected by the cis-repression would shed light on the differences between mouse lines and could help to refine these systems. Further studies will likely be directed toward identifying the molecular nature of the imprint, which might not involve the usual suspects but rather novel epigenetic players. Whether the rapid replacement of protamines in the paternal genome, genome-wide preimplantation reprogramming, or availability of repressive factors account for some leakiness in the silencing of the X p will require experiments in early embryos that pose technical challenges, but may be facilitated by development of single-cell technologies. Ultimately, the discoveries in transgenic studies will have to be validated by focusing on the X chromosome itself.
Collectively, the analysis of several transgenic lines in the report by Sun et al. (7) provides novel insights into mechanisms regulating imprinted XCI, and will certainly reignite the interest in the molecular identity of the X p imprint and the timing of its acquisition. More broadly, XCI and genomic imprinting have been hypothesized to have a common evolutionary origin (16) . Although the X p and paternally imprinted autosomal genes must pass through the male germ line, the studies by Sun et al. imply that XCI and autosomal genomic imprinting may be parting ways, at least mechanistically, if, in addition to specific DNA sequences, hemizygosity is truly an important determinant for marking the X p .
